Abstract: It has recently been shown (Arroyo et al. [1] ) that 3D DEM models are able to reproduce with reasonable accuracy the macroscopic response of CPT performed in calibration chambers filled with sand. However, the cost of each simulation is an important factor. Hence, to achieve manageable simulation times the discrete material representing the sand was scaled up to sizes that were more typical of gravel than sand. A side effect of the scaled-up discrete material size employed in the model was an increased fluctuation of the macro-response that can be filtered away to observe a macroscopic steady-state cone resistance. That observation is the starting point of this communication, where a series of simulations in which the size ratio between penetrometer and particles is varied are systematically analyzed. A micromechanical analysis of the penetrometer-particle interaction is performed. These curves reveal that a steady state is arrived also at the particle-cone contact level. The properties of this dynamic interface are independent of the initial density of the granular material.
INTRODUCTION
Increases in computing power have made the simulation of geotechnical boundary value problems with DEM an attractive possibility. One problem where this type of simulation might be helpful is cone penetration. Arroyo et al. [1] validated this approach, showing that 3D DEM models of CPT in a calibration chamber resulted in cone point resistance values in close agreement with predictions based in physical models. Several aspects of this type of models have been explored further by Butlanska et al. [3] , Butlanska et al. [4] , McDowell et al. [11] , Lin and Wu [8] and Arroyo et al. [2] .
DEM models can be examined at various levels of resolution, whereby it is convenient to distinguish between the micro-scale, the meso-scale and the macro-scale. The macro-scale deals with system responses of direct engineering interest, for instance, cone tip resistance in the CPT problem. The micro-scale level of resolution describes variables at the highest possible resolution, that is, at the particle or contact level. In between, meso-scale descriptions are based on averaging volumes and can be related to classical continuum descriptions of the problem.
One interesting aspect of DEM simulations of geotechnical problems still being explored is the effect of boundary conditions on the problem outcomes. Marketos and Bolton [10] showed how the apparent macroscale stiffness of an oedometric test could be strongly affected by the microscale details of the contact at the boundary top and bottom walls. For axisymmetric problems, Cui et al. [6] and Arroyo et al. [2] have shown that rigid walls enforcing symmetry conditions induce specific microstructural features and result in changes of macroscopic response. That research deals with preexisting boundaries, i.e., boundaries that are in place when the model is built. The insertion of the CPT creates new rigid boundaries within the granular media. Here we explore some microscale features of that newly created boundary and put them in relation with the macro response.
NUMERICAL MODEL

NUMERICAL APPROACH
The DEM PFC3D code (Itasca [9] ) was used to perform all numerical simulations mentioned in this paper. The code is a simplified version of the discrete element method proposed by Cundall et al. [7] . The model is composed of spherical particles that displace independently of one another and only interact at the contact point. The particles are assumed rigid and cannot rotate. The contact law employed is lineal elasto-plastic. The normal and tangential stiffness (k n and k s ) at any contact are calculated using the following scaling rule , , 2
where α and K eff are parameters to be calibrated. The interparticle friction (ϕ μ ) describes the plastic part of the contact law. To speed up model convergence a nonviscous damping (δ) was also included.
CALIBRATION METHOD
The model calibration was performed on a small sample with 8 mm side and filled with approximately 4700 particles with the grain distribution shown in Fig. 1 (DEM calibration). The sample was prepared using the radius expansion method (REM).
Material parameters (K eff , α, ϕ μ and δ) were determined by trial and error in order to provide a best fit to a single isotropically compressed drained triaxial test confined at 100 kPa and formed with D R = 75%. The best fit was found for: K eff = 300 MN, α = 0.25, tan(ϕ μ ) = 0.35 and δ = 0.05 (Butlanska et al. [5] ). Two deep penetration test series were performed at two different initial relative densities (75.2 and 90.7%). Each series included one test with each different cone tip sizes. The CPTs were performed under stress-controlled radial and top boundary con-ditions (BC1), maintaining 100 kPa in all the controlled boundaries. All CPTs were analyzed to a maximum penetration depth of 0.6 m. The characteristics of the numerical models in the simulation program are summarized in Table 1. T a b l e 1 Characteristics of numerical model and simulation program The initial state of the specimens is attained by a process involving random seeding, radius expansion method and servo-controlled imposition of the target initial stress and density. To evaluate possible inhomogeneity within the specimen (Butlanska et al. [3] ) the initial state of the calibration chamber was assessed by (i) the observation of normal contact force networks developed between particles (Fig. 3) , (ii) the measure of the total number of contacts in the chamber, the magnitude of normal and tangential contact forces (Fig. 4) , and (iii) the examination of the mesoscopic values of porosity (n), coordination number (C N ) and stresses (σ ii ) along the axis of symmetry (Fig. 5) .
Looking at the normal contact force networks developed between contacting particles (Fig. 3) a visible difference between medium-dense and very-dense specimens is observed. For the medium-dense sample an arched pattern of very small normal contact forces (<F n,mean ) close to the radial and bottom walls can be seen. Moreover, in both specimens loose zones along the axis of symmetry are observed. The porosity and coordination number distributions shown in Fig. 5(a) and Fig. 5(b) confirm these observations. The orientation of the contacts shown in Fig. 4(a) is quite isotropic. The maximum number of contacts measured in a given direction is 24 at D R = 75.2% and 30 at D R = 90.7%. The magnitude of normal and tangential contact forces (Fig. 4b and Fig. 4c ) is also isotropic. The effect of the rigid wall is also observed (Fig. 5) and resulted in either an increased stress or density (servo controlled wall: radial and top walls) or decreased stress and density (fixed wall: top wall).
SIMULATION RESULTS
MACROSCOPIC STEADY STATE
At the macro-level, the main results are the raw penetration or q c vs. h p curves (Fig. 6) . The main effect that is visible in these test series is that increased cone sizes result in reduced cone resistances. This is a size effect that can be explained, almost exclusively, by the relative cone-chamber size, R D (Table 1) . This aspect is examined in detail by Butlanska et al. [4] and will not be treated in here. It can also be observed that as the ratio between cone size and mean particle size, n p , increases (d c increases) there is a visible smoothing of the penetration curves with much smaller oscillations of the cone tip resistance values. This proves that these oscillations appearing in the graph can be treated as a noise artifact of the scaled-up discrete material. To filter that noise the following trend line is fitted to the raw penetration curves (Arroyo et al. [1] 
where q c,trend (MPa) is a cone resistance, h p is a penetration depth and a and b are fitting parameters. Parameter a (MPa) gives the asymptotic or steady state value of cone resistance; whereas parameter b (1/m) is inversely related to the onset of the steady state. For instance, calling h SS(macro) , the depth at which 95% of the steady state value is reached, then
The relevant results are collected in Table 2 . As can be seen the fitting is better (larger R 2 ) for the smaller cones, a consequence of the smoother oscillation. The steady state depth for the macro response is increasing with cone size and decreasing somewhat with relative density.
T a b l e 2
Main macro-level results The development of microstructure at the cone interface is explored plotting the number of particles in contact with the cone tip, N c , as a function of cone tip penetration (Fig. 7) . The main feature of these plots is that they show two clearly marked phases: the number of particles in contact with the cone tip increases and then oscillates around a constant mean value (μ c ), in what can be seen as a microscopic steady state zone. The mean contact value and its coefficient of variation for each test are tabulated in Table 3 . All the characteristic values of this microscopic steady state appear to be independent of the initial density of the granular material filling the chamber.
The initial zone of increasing contacts corresponds to the cone tip entering the granular media. The microscopic steady state starts slightly before the cone tip has been fully pushed inside, which, for a cone angle of 60°, happens when h p = 1.15 d c . It is then clear that a microscopic steady state precedes the onset of the macroscopic one.
The steady state particle number μ c naturally increases with cone size. To appreciate if any size effect is present, a non-dimensional measure of particle contact density at the interface is evaluated. This interface contact density (ICD) is obtained as the ratio of cone surface (A c ) to mean projected particle area (A D50 the section of a D 50 particle) divided by the number of contacts, 
It appears that this normalized interface contact density increases slightly with cone size, scaling approximately with the cubic root of cone diameter. It is interesting to note that a smaller ICD does not affect the ability to sustain large forces in this noncrushable material, as indicated by the mean contact force value (F av = a/μ c ) at steady state. 
CONCLUSIONS
Macroscopic steady states such as those observed in these simulations are a common occurrence in physical calibration chamber testing. It is much harder to observe the nature of the microscopic arrangement of the granular material around the penetrating cone. DEM offers with relative ease that kind of insight. The fact that the steady state cone contact values are independent of the initial specimen density does indicate that a granular flow takes place around the cone tip during insertion. This opens the door for a deeper understanding of CPT usage in problems where granular flow dynamics are important.
